We report the effect of 40 pairs of periodic AlN/GaN multilayers on the a-plane undoped-gallium nitride (ud-GaN) grown on r-plane flat sapphire substrate via metal-organic chemical vapor deposition. The influence of the position of the periodic AlN/GaN multilayers was seen to enhance the crystalline quality and surface morphology of the a-plane ud-GaN. The surface morphology analysis via atomic force microscopy has shown that the surface roughness was as low as 1.01 nm upon the insertion of the 40 pairs of periodic AlN/GaN multilayers with an optimum position. The on-and off-axis x-ray ω-scan rocking curves illustrate the enhancement in crystalline quality with a reduction of the full width at half maximum from 0.34°to 0.25°along [0001] direction and 0.91°-0.47°along [1-100] direction. The grown a-plane GaN with periodic AlN/GaN multilayers was seen to exhibit different relaxation strain states at different position as seen from the Raman spectroscopy. Roomtemperature photoluminescence spectra shows that the sample with optimum periodic AlN/GaN multilayers position exhibits the lowest yellow and blue luminescence band.
Introduction
III-Nitride semiconductors have been attracting major attentions due to their large tunable bandgap in optoelectronic devices. The conventional nitride based optoelectronics devices are mostly grown on c-plane crystal direction, which has reached remarkable performance over the past decades [1] [2] [3] . However, the polar plane within the wurtzite crystal structure suffers a huge built-in electric field from the spontaneous and piezoelectric polarization, which causes an energy band bending in the energy band diagram. This would result in the reduction of recombination rate due to a reduced electron-hole overlap in the quantum well [4] [5] [6] [7] [8] . Motivated to avoid the undesirable polarization effect, the growth of non-polar (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) a-plane GaN was explored. This is mainly due to its position that is perpendicular to polar plane which make it free from polarization effect and possess the highest indium incorporation in InGaN growth for the light emitting device's active layer [9, 10] .
There are several alternative in substrate selection for growing aplane GaN including r-plane flat sapphire substrate, r-plane patterned sapphire substrate and a-plane SiC substrate [11] [12] [13] [14] where r-plane flat sapphire substrate can be considered as the best selection in term of cost effectiveness [15, 16] . However, growing a-plane GaN is very challenging as the growth on foreign substrates suffers from poor crystal quality and morphological properties. Several groups reported that the growth of a-plane GaN on r-sapphire exhibited high densities of basal stacking faults (BSF) (10 5 -10 6 cm −1 ) and threading dislocations (TD) (10 9 -10 10 cm −2 ) [17] [18] [19] . This is mainly caused by a huge lattice mismatch, different in thermal expansion coefficients and different growth rate within cand m-plane direction of the a-GaN growth.
Epitaxial lateral overgrowth (ELOG) or lateral epitaxial overgrowth (LEO) has been widely used to overcome the challenge in growing aplane GaN. However these techniques involve more than one processes as they require a patterning of SiNx nano-mask outside the epitaxial growth process [3, 6, 20] . The use of periodic multilayers (MLs) seems to be a better option as MLs and GaN growth can be done in a single epitaxial process. In addition to its simple one step process, the insertion of MLs contributes to huge crystal improvement especially in strain management in which having a role as effective dislocation filter. Xu et al. reported that AlN/AlGaN superlattices are able to reduce the strain within the growth by providing a thin layer filter with significantly high lattice mismatch before the overgrowth of thick a-plane GaN [21] . Thus far, the impact of the periodic AlN/GaN multilayers https://doi.org/10.1016/j.mssp.2019.104700 Received 23 April 2019; Received in revised form 31 July 2019; Accepted 27 August 2019 positioning on the a-plane GaN quality has not been reported.
In this paper we demonstrate the impact of AlN/GaN periodic multilayers position towards the enhancement of surface morphology and crystal quality of a-GaN grown on r-plane sapphire. In addition, the influence of periodic AlN/GaN multilayers towards the enhancement of the relaxation state is studied. Our evaluation shows that there is significant improvement in surface roughness, crystalline quality and strain relaxation state in the grown a-GaN epitaxial layer with an optimized position.
Experimental methods
Non-polar (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) a-plane GaN was grown on semi-polar (1-102) rplane sapphire substrate by Taiyo Nippon Sanso SR2000 metal organic chemical vapor deposition (MOCVD) system with three horizontal laminar flow. In this study, three a-plane GaN films with different positioning of periodic AlN/GaN MLs were prepared as shown in Fig. 1 (a-c). Trimethylgallium (TMGa), Trimethylaluminum (TMAl) and ammonia (NH 3 ) were used as precursor for Ga, Al and N sources respectively, with hydrogen (H 2 ) was adapted as gas carry along the process. Low growth pressure at 13.3 kPa was employed for the whole process. The growth of a-plane GaN started with hydrogen cleaning at 1125°C followed by 10 min of nitridation step as a surface treatment. The GaN nucleation layer (GaN-NL) was deposited at low temperature of 700°C with a thickness of 90 nm. 20 SLM of TMGa flow were released into reactor at high temperature of 1050°C for 2 μm thick of a-GaN growth, with the first 1 μm using high NH 3 flow followed by lower NH 3 flow for the next 1 μm to have a V/III ratio variation. The initial sample A of 2 μm thick a-plane GaN film was grown without applying any periodic MLs layer into the structure. The second sample B was grown using the same growth condition of a-plane GaN with the insertion of 40 pairs of periodic AlN/GaN MLs that were placed at the bottom layer before the growth of 2 μm a-plane GaN. For the third sample C, 40 pairs of periodic AlN/GaN MLs was grown in between of 1 μm a-plane GaN at the top and 1 μm a-plane GaN at the bottom. AlN/ GaN MLs used in this study possess the same growth condition with a thickness of 5 nm and 20 nm respectively, for all the samples. Overall epitaxial process of sample A, B and C are represented in . 1(d-f).
The microstructural properties of the grown a-plane GaN samples were explored using Hitachi SU8220 field emission scanning electron microscopy (FESEM).
The scanning transmission electron microscopy (STEM) ready samples were prepared using the in situ FIB lift out technique on a FEI Strata 400 Dual Beam FIB/SEM. The samples were capped with sputtered Ir and e-Pt/I-Pt prior to milling. The STEM lamella thickness was around 100 nm. The topographic of the surface were examined using Bruker Multimode 8 atomic force microscopy (AFM). The crystalline quality of the grown a-plane GaN was studied with Rigaku SmartLab high resolution X-ray diffraction (HR-XRD) using Cu Kα 1 X-ray target source (λ = 1.5406 Å). Two types of X-ray rocking curves (XRC) omega (ω) scan were carried out including on-axis (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) GaN and off-axis (101), (102), (100), (200) and (300) plane.
Results and discussions
To explore the morphology of the surface, AFM measurements were carried out. Fig. 2 (a-c) shows 5 × 5 μm 2 AFM images for all samples. The root mean square (RMS) measured for sample A, B and C is 2.72 nm, 2.73 nm and 1.01 nm, respectively. These results imply that the position of MLs in the structure affects the surface morphology and by growing MLs in the middle of GaN layer, the surface roughness of the grown a-GaN can be reduced to almost ∼62%. Sample A and B exhibit approximately the same surface roughness, which may attribute to the two-step GaN grown in the structures. H.-C. Hsu et al. obtained high crystalline quality of a-plane GaN via two-step method. First stage was by adapting high temperature and high V/III ratio to form 3D GaN-NL followed by low temperature with lower V/III ratio in second stage [22] . Using lower V/III at the final stage growth is found to promote island coalescence which results in a smoother surface [23, 24] . Via this method, we also managed to get the low surface roughness for sample A, which comparable with the literature [22] . In order to further improve the crystal quality, we then adapted MLs on top of NL in sample B. Balakrishan's group shows that by inserting AlN/GaN, the crystal quality of their m-plane was improved [25] . It can be seen that there is almost no changes in surface roughness of sample B. However, there is a big difference in crystalline quality from XRD result, which will be can be observed on all a-GaN sample, regardless the type of buffer layer used for the epitaxy [6, 15, 26] . It is also noted that there is nanometerscale pits exist on the film surfaces with the stripe-like growth feature along c-plane. This condition corresponds to the coalesced non-polar GaN attributed to the anisotropic growth, adatom diffusion kinetics and growth rate during the process [27] . Fig. 2 (d-f) illustrates the cross-sections of sample A, B and C, respectively. It can be clearly seen that for all the samples, a propagation of threading dislocation (TD) is parallel to the (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) growth direction. The TDs is one of the main issue in non-polar GaN growth in which started from the initial epilayers and propagate along (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) direction [28, 29] . In order to reduce the initial propagation of TDs within the epilayer, we use a thin layer of GaN-NL layer in which have a rough and island-like surface as in Fig. 2 On the other hand, AlN/GaN MLs for sample C is able to form an abrupt structure when placed on top of 1 μm of fully coalesce GaN which has a better surface roughness as in the inset of Fig. 2(i) . This helps the AlN/ GaN MLs to have a stable growth surface for a thin layer growth and enable the growth of AlN to form an abrupt structure from the first AlN/ GaN layer of the MLs. Fig. 3 shows the XRD 2θ-ω profile for sample A, B and C. It can be seen that there are two primary peaks detected for all samples, which located at ∼53°and 57.6°. These peaks correspond to the diffraction of r-plane sapphire substrate and GaN (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) plane, respectively. For the samples with AlN/GaN MLs, the MLs-related satellites are obviously observed around 55°-62°for both samples. These satellites are also called Pendellosung fringes, which implies good crystalline quality [30] . This shows the MLs inserted have a good crystalline quality and very abrupt structure to provide suitable lattice point for the subsequent a-plane GaN growth. Using Rigaku Global Fit, the spacing for the satellites peak suggested that the thickness for each AlN/ GaN periods would be 20 nm.
To study the anisotropic characteristics and defects of the grown GaN, the value of full width at half maximum (FWHM) from on-axis (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) ω-scan is assessed base on azimuthal dependence as in Fig. 4 . Few azimuthal angles were measured due to the antistrophic mosaicity of a-plane GaN. At azimuth angle of 0°the incident beam projection was parallel to c-direction while at azimuth angle of 90°parallel to m-direction. Minimum of two rocking curve scans are required to obtain a proper analysis of the crystalline quality [21] .
At azimuth angle, φ = 0°/[0001] plane, FHWM values are 1239 (0.34°), 959 (0.27°) and 925 (0.25°) arcsec for sample A, B and C, respectively. The values are broaden when incident beam was projected at φ = 90°where samples A, B and C exhibit 3290 (0.91°), 2039 (0.56°) and 1700 (0.47°) arcsec, respectively. The ratios of 90°to the minimum 0°are 2.66, 2.13 and 1.84 for sample A, B and C, respectively; indicating the improvement of isotropy by positioning MLs in between GaN layers. Xu et al. showed that by adding ten pairs of AlGaN/AlN MLs, the anisotropy of their device reduced to almost half by reducing the dislocation density and also managed the strain [21] . It is worth mentioning that XRC FWHM of sample C of both directions are much lower compared to sample A and B. In fact, the FWHM values between sample C and B were found to be ∼25% less along [0001] direction and ∼48% less along the [1-100] direction. The large FWHM in sample A and B suggested that these samples exhibits high density defect and thus suffer from higher strain within the crystal structure [31] . In addition to that, it is also noted that the grown GaN suffer from huge twist tilt mosaicity along φ = 90 than φ = 0, in which explain the anisotropic orthogonal structures of the non-polar GaN [32] . Different from c-plane GaN, non-polar GaN exhibit anisotropic in-plane strain states causing from low in-plane symmetry, in which explain ω-scan at single azimuth angle unable to fully evaluate crystalline quality for the growth of a-plane GaN [20, 31, 33] . The reduction in FWHM value for sample B and C have a correlation in the reduction on surface roughness from the AFM results. This indicate when the periodic AlN/GaN MLs is positioned in the optimize position the epitaxial growth of non-polar aplane GaN tends to give a higher crystalline quality with a better surface roughness.
It is reported that non-polar a-plane GaN microstructures are dominated by Basal Stacking Faults (BSFs) [34] . BSF appear very often during GaN growth on non-polar and semi-polar planes and predominantly formed at the GaN epilayer/substrate interface [29] . Three possible mechanisms for the formation of BSF in non-polar are: i) growth error ii) mismatch relaxation and iii) coalescence of nuclei [19, 35] . Other than BSF, mosaic tilt that originates from misalignment of the crystal is also a crucial part in GaN epilayers growth. Mosaic tilt typically related with TD and domain boundaries [35] . Thus, to further understand the crystalline characteristics of the grown a-plane GaN and the effect of the defects mentioned, XRD off-axis omega scan was adapted. Fig. 5 (a) shows FWHM of XRC ω-scan with respect of three inplane directions, which are (101), (112) and (100) axis. The (101) offaxis peak measures the 'twist' mosaic shows that sample C exhibits the lowest FWHM among all the samples with 2068 arcsec (0.57°), while sample A and B exhibits off-axis of 2403 (0.67°) and 2392 (0.66°) arcsec, respectively. Large FWHM shown here are in agreement with high dislocation density normally observed in a-plane GaN [28] . This can be explained from the huge lattice mismatch between the substrate and grown a-plane GaN along c-and m-direction from the asymmetric structure at the interface. Typically, thin films grown on different lattice coefficient exhibits a mosaic structure, implies that the films consist of slightly mis-oriented atomic arrangement with respect to each other and the foreign substrate [8] . It is also worth mentioning that off-axis FWHM for (100) and (112) reflections also decreased when MLs was grown in the middle. This decrease signified the dislocation reduction in the structure. It is reported that the dislocation in a-plane GaN are related to type I 1 -basal staking fault-Frank-Shockley partial dislocations [4, 36] . It is reported that (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) diffraction is insensitive to BSF defect, thus the broadening of the XRC is mainly due mosaic tilt or domain size, thus Williamson-Hall (WH) plot analysis was adapted in skew symmetric geometry along the (h0h0) series of diffractions [8, 36] . From the modified WH graph, the off-axis XRC peak broadening is a result from two main factors in which mosaic tilt as well as the lateral size of the coherently scattering domain and the angular extent of the reciprocal lattice points can be approximated as;
where Δω is the value of FWHM from (h0h0) series, λ is the wavelength of the X-ray used, θ hkl is the Bragg angle for the hkl reflection while L is the value of lateral coherence length (LCL) which is measured via [5, 37] ;
where y o is the y-intersection from Fig. 5 (c) . It is reported that BSFs might be the main cause for off-axis XRC width anisotropy in m-plane GaN films [24] . Fig. 5 (b) and (c) illustrates the FWHM and modified WH plots from off-axis (h0h0) series ω-scan FWHMs for all samples used in this work. It could be seen from Fig. 5 (b) the off-axis XRC FWHM reduced monotonically from sample B to C, which adding another proof for the crystal quality improvement. It also observed that (3030) ω-scan exhibits the lowest FWHM than that of (1010) and (2020), which is consistent with the literatures reported that (3030) diffraction is insensitive to BSFs [5, 24, 36] . The data extracted from Fig. 5 (b) and (c) is tabulated in [5, 37] . The effect of MLs in suppressing the formation of BSF is shown in Table 1 . There is significant reduction in BSF densities of 1.23 × 10 5 cm −1 for sample C. This value is ∼25% lower compared to sample A (1.65 × 10 5 cm −1 ) and sample B (1.37 × 10 5 cm −1 ). The correlation between surface roughness, crystal quality and BSF densities prove the effectiveness of periodic AlN/GaN MLs as the growth of AlN and GaN cause a different types of stress within the two materials. Since GaN has a larger lattice constant compared to AlN, GaN layer will experience compressive stress while AlN layer will experience tensile stress when grown on each other [38, 39] . Kuckuk et al. claims that the compressive stress within GaN layer in AlN/GaN interface give rise to the energy barrier for Al-Ga exchange resulting to lowering the mismatch of periodic AlN/GaN MLs with the subsequent thick GaN overgrowth [39, 40] .
In order to study the strain in the a-plane GaN [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] asymmetric XRD RSM at two different azimuth angles 0°and 90°has been measured. Fig. 6 (a-f) depict RSM recorded at different azimuth angles Φ = 0 and Φ = 90 along (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) plane. Two different of azimuth angle correlate to the sample positioning with Qx and Qy direction lying in scattering plane. All maps in Fig. 6 are presented in reciprocal lattice units, where Qx representing the horizontal axis while Qy representing the vertical axis in both (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) and (0001) directions respectively. Merely one prominent peak on maps of sample A is clearly observed, which corresponds to the a-plane GaN. Whilst for sample B and C, there are two discrete peaks are noted, which corresponds to the peak for GaN and AlN/GaN MLs. The distance of these two peaks depicts the position of MLs. For sample B, as MLs was grown under 2 μm GaN, the position for second peak is increases compared to that of sample C. From Fig. (6) , (11)-(20) gave highest peak reflection along [-1-100] plane of −0.027 in Qx component and 4.624 in Qz component. Meanwhile (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) shows highest peak reflection along [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] plane of −0.004 in Qx component and 4.624 in Qz component. The diffraction peak of MLs is aligned with that of GaN film along the same Qx for both [-1-123] and [1 100] maps, which indicate that MLs are coherently strained to the GaN film [41] . In other words, MLs layer is almost strained or in pseudomorphic state and has high strain state in both mand c-directions.
Hexagonal GaN should have in total of six main reflection in wave vector Γ. Those include A 1 (LO), A 1 (TO), E 1 (LO), E 1 (TO), E 2 (low) and E 2 (high) modes. However, within x (y, y) x geometry only E 2 (low), A 1 (TO) and E 2 (high) mode peaks are able to observe in the room temperature Raman spectra. Among those modes, E 2 (high) peak was the most sensitive towards stress and have been widely used to characterize residual stress in GaN epilayer. Thus, we focused on the E 2 (high) mode, which normally appeared at 567.6 cm −1 for strain/stress-free GaN [42] [43] [44] . A shift on E 2 (high) phonon peak would suggest the type of stress in the structure.
From Fig. 7 , the frequency E 2 observed are 566.74 cm −1 , 569.87 cm −1 and 567.993 cm −1 for sample A, B and C, respectively while the stress calculated are −0.20 GPa, 0.54 GPa and 0.09 GPa for sample A, B and C. The stress of the epilayers was obtained according to the equation;
where Δω is the difference in the E 2 (high) phonon peaks between the stressed and unstressed GaN epilayers which the E 2 (high) peak at 567.6 cm −1 , and K (4.2 cm −1 GPa −1 ) is the strain coefficient [43, 45] . The right shift in Raman spectra for sample with periodic AlN/GaN MLs suggested the insertion of MLs contribute to the compressive strain within the growth of a-plane GaN as in sample B and C. However the position of periodic MLs play important role in controlling the amount of strain within the a-plane GaN. Sample B have a higher compressive stress due to its position at the top of GaN-NL. This is regards to the rough and island-like surface of GaN-NL that produce non-uniform lattice point for periodic AlN/GaN MLs resulting to wavy structure of the MLs that suffer from higher amount of strain. Direct growth of nonpolar GaN on sapphire substrate will experience tensile stress due to the difference in lattice constant as in sample A. The insertion of periodic AlN/GaN MLs at the bottom prior to 2 μm GaN overgrowth layer induced a high compressive stress as in sample B. Since the MLs was inserted directly on GaN-NL, the initial pairs of the MLs experienced the three-dimensional growth similar to the GaN-NL structure. This attributes to the wavy layers as shown with the red arrow in Fig. 2(h) where the compressive stress is believe to be at the highest point. Since the periodic AlN/GaN MLs unable to form abrupt structure, this led to the introduction of different plane facets other than (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) towards the nominal. These different plane facets contributes to high compressive stress compared to sample with abrupt and flat surface [46, 47] . On the other hand for sample C, periodic AlN/GaN MLs inserted on top of the strained thick GaN possess two-dimensional structure that is able to counter balance the tensile stress from the sapphire/GaN interface, promoting near relaxation stress towards the a-plane overgrowth GaN. It is reported that periodic AlN/GaN MLs exhibits compressive stress due to huge lattice mismatch between AlN and GaN [40] . The effect of periodic AlN/GaN MLs towards the optical properties of grown a-plane GaN was examined using room temperature photoluminescence (RT-PL) measurement. Fig. 8 shows the PL spectra for sample A, B and C, in which they are normalized towards the intensity of near-band-edge emission (I BE ) at the centered of 3.4 eV. Two broad band, yellow luminescence (YL) and blue luminescence (BL) can be clearly seen in all samples at the centered of 2.2 eV and 2.9 eV respectively. Since the PL measurement was performed at perpendicular degree towards the sample surface, a periodic oscillation clearly appears in BL and YL band which attributed to microcavity effect. This arise from the interface of different refractive index between air, GaN and/or AlN film and sapphire substrate, [48, 49] . Sample A shows the highest relative intensity of both YL and BL band. However, the relative intensity of YL and BL in a-plane GaN reduces tremendously with the insertion of periodic AlN/GaN MLs as in sample B. Furthermore, with the optimized positioning of periodic AlN/GaN MLs, it was seen that the PL properties has improved as the relative intensity of YL and BL band demonstrated the lowest value in sample C. As previously mentioned in the literature, these specific radiative transitions could be attributed to formation of gallium and nitrogen vacancy as well as deep level impurities [50] . These results are in good agreement with the Raman spectroscopy measurement, whereby the highest strain in sample A exhibits the highest YL and BL intensity while sample with a strain relaxation state promotes the lowest intensity of YL and BL emission. In addition, several publications have concluded a correlation between YL and BL band with carbon impurities [50] [51] [52] [53] . In this work, the methyl decomposition of TMGa and TMAl could act as unintentional carbon doping source. Growth conditions of low pressure and low V/III ratio used in the process have led to the enhanced incorporation of unintentionally carbon doping in the GaN structure [54] . Moreover, the density of defects especially N-vacancies make a significant contribution towards carbon incorporation in the GaN structure [55] . This explain the correlation of YL and BL band intensity towards the unintentional carbon doping into the sample. Furthermore, this results are well correlated with the on-and off-axis XRC measurements, in which sample A possess the highest FWHM value.
Conclusions
Non-polar (11-20) a-plane GaN was grown on semi-polar (1-102) rplane flat sapphire substrate. We show that the insertion of periodic AlN/GaN MLs effectively improves crystalline quality and anisotropic as well as reduces surface roughness and stress within the a-GaN growth. By positioning MLs in the middle, we significantly improve the crystal quality of non-polar GaN and significantly reduce the strain. Raman spectra shows that the strain induced within sample with periodic AlN/GaN MLs sandwiched by 1 μm GaN is the lowest in comparison with sample without periodic AlN/GaN MLs and MLs at other position. It is also shown that the BSF density reduced as much as 25% when MLs was grown in between GaN layers. Even though the BSF is not totally eliminated, this work shows an early demonstration of reducing the defects via epitaxial strain engineering and this study may be of considerable contribution to produce better a-plane GaN for excellent optoelectronics device in the future.
